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ABSTRACT

An analysis of fin-line characteristics is presented.

The dispersion characteristic and characteristic impedance

of the structure are determined by the application of the

spectral domain technique. Numerical results are presented

and compared with known data for ridged waveguide, dielectric

slab loaded waveguide and slotline. Excellent agreement has

been obtained. Design curves are also presented for practi-

cal millimeter wave fin-line structures covering the 26.5 -

140 GHz frequency range.
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I. INTRODUCTION

A. BACKGROUND

A variety of waveguiding structures have been proposed

for use at microwave and millimeter wave frequencies [Ref. 1].

In recent years, one of these structures, fin-line, has gained

in importance as a transmission medium in millimeter wave

circuit construction [Refs. 2-71. Fin-line has been found

superior to microstrip at millimeter wavelengths as the

former-provides eased production tolerances, better compati-

bility with hybrid devices, greater freedom from radiation

and higher mode propagation, combined with the ability to

construct simple transitions to conventional rectangular

waveguide.

Figure 1 shows a 3-dimensional view of fin-line. This

structure is interesting in that it may be viewed in various

ways depending upon the value of W/b, the ratio of slot width

to waveguide height. For small values of W/b, the structure

may be appropriately viewed as a slotline with a rectangular

shield. For large values of W/b, the structure is more easily

seen as a ridged waveguide loaded with dielectric. When

W/b = 1, a dielectric slab loaded waveguide exists and finally

for W/b = 1 and E r = 1, the structure takes on the configura-

tion of empty rectangular waveguide.

The most commonly used transmission line to date in

microwave integrated circuits is the microstrip line. This

11
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Figure 1. 3-Dimensional View of Fin-line Structure
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structure when used at high frequencies (millimeter wave

range) results in problems which include radiation loss,

spurious coupling, dispersion and higher mode propagation.

In fin-line structures, metal fins are printed on a

dielectric substrate which bridges the broad walls of a

rectangular waveguide. In effect, the line is a printed

ridged waveguide and can be designed to have a wider useful

bandwidth than conventional line and can provide bandwidths

in excess of an octave with less attenuation than microstrip.

This adaption of ridged waveguide permits circuit elements

to be fabricated by photo-etching at low cost and is compati-

ble with thin-film hybrid techniques.

In passive circuits, such as filters, the fins as illus-

trated in Figure 1 may be directly grounded to the metal walls

of the waveguide, and lumped elements, such as beam-lead

capacitors, may be added. The gap between the fins can be

varied along the longitudinal axis to provide low-cost circuit

elements. When fin-lines are constructed as illustrated by

Figure 2, the waveguide is parted along a plane where the

current flow is parallel to the break, as in a common slotted

line and the dielectric material extends through the separation

in the broad wall of the shield. The upper fin is insulated

from the housing at dc by a dielectric gasket. By making the

thickness of the broad walls a quarter wavelength, a short

circuit will appear between the fin and the inner wall of the

shield at RF. Thus a practical fin-line will have the same

electrical characteristic as the idealized structure of

13
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Figure 2. Integrated Fin-line Semiconductor Mount
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Figure 1. The lower fin is grounded directly by a metal

gasket to provide a dc return when solid state devices are

mounted on the fins.

B. RELATED WORK

Fin-line was first proposed in 1972 by Meier [Refs. 2

and 3] and has since received considerable attention by a

number of other investigators. Meier's work was primarily

experimental in nature and the wavelength and impedance

calculations were approximated. Previous analytical work on

fin-line has been based on various methods [Refs. 8-11].

In this study, dispersion of different fin-line geometries

was obtained by applying Galerkin's method to the electric

fields in the slot interface [Ref. 8]. Another approach used

the Transmission Line Matrix (TLM) technique yielding the

dispersion characteristic of the fundamental and higher order

modes of propagation [Ref. 9].

C. STATEMENT OF OBJECTIVES

The Spectral Domain technique is used here in the analy-

sis of the fin-line structure shown in Figure 1. This tech-

nicue was first suggested by Itoh and Mittra [Ref. 12] and

has since been applied to the analysis of other structures

[Refs. 13-15].

One of the advantages of this approach is that it is

numerically more efficient than the conventional methods that

work directly in the space domain. This is due primarily to

the fact that the process of Fourier transformation of the

15
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coupled integral equations in the space domain yields a pair

of algebraic equations in the transform domain that are

relatively easier to handle. Another important advantage is

that the Green's function takes a much simpler form in the

transform domain, as compared to the space domain where no

convenient form of the Green's function is known to exist.

The Spectral Domain Transform method is first applied

here in the formulation of the dispersion characteristic of

the fin-line structure of Figure 1. During the application,

a new matrix approach to the implementation of this method

is presented. The characteristic impedance is next formu-

lated using this technique in terms of the dispersion char-

acteristic. Following the theroetical analysis, an explana-

tion of the computer program used in determination of the

wavelength and characteristic impedance is presented. Numeri-

cal results are then compared with known data for ridged

waveguide, slab loaded waveguide and slotline. These com-

parisons establish the accuracy of the numerical results and

illustrate the applicability of this method for the full

range of structure parameters. Finally, several families

of design curves are presented for a practical choice of

fin-line parameters.

16
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II. THEORETICAL ANALYSIS OF FIN-LINE

A. FIELD AND BOUNDARY CONDITIONS

Fin-line supports a hybrid field and it is known that all

hybrid field components can be obtained from the superposition

of TE and TM modes which are related to the two scalar poten-

tial functions e(x,y) and h(x,y), where the superscripts e

and h denote electric and magnetic, respectively [Ref. 16].

The axial components of TM and TE are then

Ez = k2  e(x'Y) e z (1)

H = k2  h(x,y) erz (2)z c

where k2  = k2  r2  2 i = 1, 2, 3 for each

ci i and ki = ui.if

of the three regions defined in Figure (1).

Through Maxwell's curl equations the transverse field

components are then determined by these axial components and

can be given as

Ex  ( e j 3y-h)

E = ( e - j er z  (3)x ax (3)

y (r e 8h) z

E = (r--y- + j w u a-) e (4)
y ay ax

H = (r 2-- + j w ) e (5)x ax ay

17



(r - j w e) e' (6)I
y ay a x

Since the lossless case is assumed, the propagation constant

is r =±ja and k 2. k= a 2. We will also assume that
ci i

E and e 2 = r
Applying boundary conditions at the walls in region 1,

tangential field components must be zero, so it follows that

at y h

E 1 (x,h +Diz) = 0 aHzl(x,h +D,z) = 0 (7)

E 1 (x,h +D,z) = 0 3 xl (x,h +D,z) = 0. (8)

At the interface between region 1 and 2, tangential field

components must be continuous.

At y = D

E zl(x,D,z) = E z2(X,D,Z) (9)

E xl(c,D,Z) = E 2 (x,D,z) * (10)

Also the electric fields at y =D will exist only in the

slot and can be expressed as,

r

18
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o0lxi > W/2

Ez (x,D,z) = (ii)

e z (x) erz I l< W/2

0 IxI > W/2

EX1 (x,D, z) (12)

ex() e rz IxI < W/2

Similarly, tangential magnetic fields must be discontinuous

by corresponding surface current densities.

Jx() e rz Ix > W/2

HZ1 (x,D,z) - Hz2 (x,D,z) (13)

0 Ixl < W/2

jz(x) e z  Ixi > W/2

HX1 (x,D,z) - Hx2 (x,D,z) = (14)

o Ixl < W/2

The tangential field components at the interface between

region 2 and 3 must also be continuous. At y = 0

Ez2 (x,O,z) = Ez3 (xOz) (15)

Ex2 (x,0,z) = Ex3 (x,0,z) (16)

19
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Hz2(x,0,z) = H z3(X,0,z) (17)

Hx2(X,0,z) = Hx3 (x,Q,z) (18)

Once again at the shield wall in region 3, the tangential

field components must be zero, therefore at y =-h 2

Ez3 (x,-h 2 ,z) = 0 3H 3 (x,-h2" Z) = 0 (19)

E 3 (x,-h 2 z) = 0 3-(x, -h Z) = 0 . (20)
x3 2'ay (x- 2 1z

The final boundary conditions occur at x = ±b/2 where the

tangential components must be zero in all regions. At

x = ±b/2

Ezi (±b/2,y,z) = 0 (21)

Exi (±b/2,y,z) = 0 . (22)

B. SPECTRAL DOMAIN APPROACH TO DISPERSION CHARACTERISTIC

The approach used in the analysis of the dispersion

characteristic is basically a modification of Galerkin's

approach adapted for application in the Fourier transform

or spectral domain.

The scalar potential functions ,e and 0 h satisfy the

Helmholtz equations in the three spatial regions, thus

20
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V 2 + kc = 0 (23)

where V2 denotes the two-dimensional Laplacian operator in the

transverse direction. These equations are second-order differ-

ential equations for the unknown potential functions which

may be Fourier transformed with respect to x to obtain ordinary

differential equations via the transformation defined as

F{t(x,y)} = P(a n,y) = f 0(x,y) e n dx. (24)

The Helmholtz equations of (23) are transformed into

S (a ,y )2 2

3Y=2(n - ci) ¢i(cn'Y) (25)

for the electric field, ,e, and the magnetic field, th.

The solutions to these ordinary differential equations

for the three regions after applying the boundary conditions

at y = h1 + D and y = -h2 (equations (7), (8), (19) and (20))

can be written as

0l( n'y) = A(e ) sinh yl (D+hl -y) (26a)

(n y) = Be (n) sinh y2 Y+Ce(n) cosh y2 y (26b)

21
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eny) = D(a) sinh Y3 (h2 +Y) (26c)

h (ansy) = A h(an) cosh yl(D+hl-y) (26d)

(hny) = Bh (a) sinh y 2 y + ch(an) cosh y 2 y (26e)

h (ay) = D(n cosh Y3 (h 2 +Y) (26f)

where

2 2 k 2 2 +*B2 - k2 (27)
Yi 'n ci n

and

n27r/b h even (28a)

a n

(2n-l)Tr/b 0h odd (28b)

2
It is important to observe at this point that y may be

less than zero in any of the three regions of the structure

under certain conditions. Therefore three sets of solutions

can exist for equations (26a) to (26f). When a = 0 and k.n1

approaches k0 (where k0 is the wave number for free space)
2

0 is less than ki and so yi < 0. Under this condition the
1 1

hyperbolic functions in all three regions are replaced by
trigonometric functions. If k < 2 2

22
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2

are greater than zero and Y2 < 0 for some values of n and

the trigonometric functions replace the hyperbolic functions

in the spatial region 2 only. This suggests that the nature

of the field is dependent upon the values of the transform
2

variable, an . The last solution occurs when y > 0 for which
2

the solutions are given above. For conditions when yi < 0,i! i!

2 2ii replaces Yi such that (yi) =y and cosh yiy is replaced

by cos yiy and sinh yiy is replaced by j sin yiy.

The next step in obtaining a solution to the differential

equations is the application of the continuity or boundary

conditions at the interfaces between the three spatial regions,

namely at y = 0 and y = D. These conditions are given in

equations (9) through (18). Through their application, the

eight coefficients Ae through Dh may be related to each

other, to the fin surface current j(x) and the slot field

e(x). The resulting set of linear equations (really a set of

transformed boundary equations) may be written in a matrix form

as follows:

Ae 0

Be 0

[M] . = . (29a)

EE* EX

Dh Ez

23
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Ae  0

Be 0

[M3 ] ( (29b)

Jx

Dn  J
z

where E. (a) is the transform of the slot field and J (cn

is the transform of the surface current. The matrices [ME]

and [M3 ] are square 8 x 8 matrices and differ only in the

last two rows. Details of the application of the continuity

conditions and the formation of the [ME] and [Mi] matrices

are shown in Appendix A, with a listing of the matrix elements
2 2

under the conditions yi > 0 and y < 0 and normalized with

respect to D.

To solve the matrix equations (29), the unknown coeffi-

cients Ae through Dh are determined by

Ae 0

[ "ME]1 (30)

i x

Dh E

where [ME]-1 is the inverse matrix of [ME]. Now substituting

j24



eauation (30) into (29b) results in the single matrix

equation

0 0

0 0

[M3 ] (ME] (31)

Ex Jx

Ez jz

Using the four lower right hand corner elements of the

matrix [M (ME] , (31) is converted to

G1a2 G2(a, ) Ix :cn J (a n

G 3(n,S) Gz4( a ) Ez(On )  z an

(32)

where the elements of the matrix [G] are the Fourier transforms

of the components of the dyadic Green's function for this

structure.

A solution to equation (32) is obtained by using the

Method of Moments [Ref. 17]. The inner product is defined as

<f(Ln ) , g(an) = > f(a n ) g*(n) . (33)

25



Galerkin's method is used here and thus the Fourier trans-

forms for the electric field components, E and E will be

used for the weighting functions, W(an). Taking the inner

product of equations (32) with W1 (a n) = E x(a n ) and

W2 ( n ) = E z (a n ) yields

<G1E x E> +<G 2 z,Ex> =0

(34)

<G 3 EEz> +<G 4 ExE z > = 0

Following from Parseval's theorem, the right-hand side of

these equations are zero because of the orthogonality of

the electric field and surface current at y = D.

Up to this point, the formulation of the problem is exact

since no approximations have been made. The electric field

components and their transforms although unknown can be

expanded in a set of basis functions. An investigation of

various one-term approximations made by Rnorr and Kuchler

(Ref. 181 suggests good accuracy can be achieved if the

electric field distribution between the fins is approximated

by

1 IxI < W/2

ex) =

0 elsewhere

(35)

ez(x) = 0

26
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for the dominant mode. This choice (shown in Figure 3 for

A = 1) has been shown to give accurate results for slotlines

with W/D < 2 (Ref. 181 and it is exact for dielectric slab-

loaded waveguide (W/b = 1). Assuming that e (x) = 0 reducesz

equation (34) to

<GE,E x> = 1 G(anB) Ex(L) 12 - 0 (36)

where E (an ) is the transform of the electric field distri-

bution

W/2 a x sin(aW/2)
E ( = f e (x) e n dx = AW - 2

-W/2a n W/2

(37)

So, one can see that (36) is dependent on the ratio of X/X'

or effective dielectric constant, E , defined by

reff
- (A/A,) 2  =82/k2.

reff = /

The dispersion characteristic of the dominant fin-line

mode can now be found by varying 8, the propagation constant,

such that equation (36) is satisfied for a given set of

physical parameters at a desired frequency of operation.

27
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ex(x)

-W12 + W12

Figure 3. Assumed Electric Field Component in Slot
in x-direction Versus x for Fin-line
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C. CHARACTERISTIC IMPEDANCE IN TERMS OF DISPERSION
CHARACTERISTICS

The definition of the characteristic impedance for an

ideal TEM transmission line is uniquely given by static

quantities. Since fin-line is not a TEM transmission line

nor does it support a pure TE or TM waveguide mode but rather

supports hybrid modes, no unique definition of the character-

istic impedance can be found.

One possible choice is to define it as

V 2

Zo 2 P (38)
avg

where V0 is the slot voltage defined as

V0  -- - fE d2.
slot

Assuming the electric field shown in Figure 3 and (35),

W/2
V0  = f A dx = 1o -w/2

where A was arbitrarily selected as 1/W so that AW = 1.

Pavg is the time-averaged power flow in the fin-line struc-

ture which is given by

29
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=1
P -Re f f x H*-a da
avg 2 s z

2Re f (ExHy* - E H *) dx dy (39)
s y y x'

Substituting equations (3), (4), (5) and (6) into (39)

results in

P1 b/2 f D+h1 ( jh +jE
avg-b/2 -h 3x

_8s1 e+ ¢ h ¢e

- (i 82±! jwu-- (-j a---- jwE--)]dxdy. (40)

This formulation applies to the time-averaged power flow

in the spatial domain. Through the use of Parseval's theorem,

it is possible to transform this expression into the spectral

domain where the scalar potential functions are known. The

integration with respect to x is transformed via Parseval's

relation into an infinite summation. Applying this theorem

where ce (x,y) and 0 h (x,y) are real yields

b/2 D+hl

f f e(x,y)ch (x,y)dxdy-b/2 -h

15 f D 10e (an y)Oh* (any) dy.
-h2  n" n

30 6
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Therefore, equation (40) is transformed into

D+h1

Pavg 1 ~Re 00 f {8W o 1,,_S 0 h12 WE1n Iil
n=-= h

- W 111- 2 _ B2 a e 3((Ph)* + 3 e (h)

+ jk 2c a[0h a (CD + 3'(Dhe)*, } dy. (41)

This expression must be evaluated in each of the three

regions of the fin-line shown in Figure 1. Therefore the

power flow may be expressed by

Pavg 1 2 3

where Pl, p 2 and P 3 are defined as

1 = D+h I{1  eo

Pbe={-L Re I)f dy (42a)2b n=-Oo D1 1

P 2= -1-Re D e hf( .P2)d (42b)
2 2b n=-- 0f{( 2 ~)d

f {f(Oe'fldy

I Re 3 h d (42c)
3n - 33

31
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The simple functional dependence on the variable y allows

one to perform the integration in equations (42a)-(42c)

analytically (see Appendix B). This leaves Pavg as the

summation of the power flow in each region.

P 1 00 (43)+
avg + I 1 P2 + P3) (43)

Now that P can be determined by the application of theavg

dispersion characteristic or propagation constant determined

earlier and that the slot voltage V0 is known, the character-

istic impedance can be computed. The details of these lengthy

but straightforward algebraic manipulations are shown in

Appendix B.

4
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III. COMPUTER PROGRAMMING

In Section II the theoretical background of the analysis

was provided. This section concerns itself with the computer

programming technique used for fin-line analysis. The program

was designed for the determination of the wavelength and the

characteristic impedance of a particular fin-line structure

over a range of frequencies but due to the nature of the

structure various other configurations may be considered by

the proper selection of input parameters. Dielectric slab

loaded and ridged waveguide along with rectangular waveguide

may also be analyzed. Before -he program is described some

general considerations which lead to its development are

necessary for understanding of the numerical methods used.

A. REMARKS ON NUMERICAL ANALYSIS

The computation of the characteristic impedance is based

upon the solution to the dispersion characteristic problem

for the transmission line under consideration. In other

words, the wavelength ratio, X'/X, or the wave propagation

constant, 8, must be known before any other investigations can

be started since only in this case are the scalar potential

functions in the transform domain known. Hence, in the analy-

sis of the various structures, the starting point is a solu-

tion for 8, the propagation constant of equation (36).

1
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In general a 8 is sought such that

Go 2Sl(iGn,) IE(n) 2 = 0 (44)

where G1 (a nB) is a component of the transformed dyadic

Green's function and E(n ) is the approximation to the

Fourier transform of the electric field in the slot in the

plane y = D. A first order approximation is assumed here

which eliminated the other terms of equation (34).

It is obvious that an analytic solution for B cannot be

obtained due to the algebraic complexity leading to the quan-

tity G1 (a n,8) as shown in Appendix A. Thus a numerical

solution is mandatory and must be obtained by computer

programming.

It is shown in Section II that the transforms of the dyadic

Green's function components were obtained by mathematical

manipulation of matrices. The matrix elements are either

real or imaginary so that in general a complex computation on

the computer is necessary. Furthermore, it is shown that the

elements change from hyperbolic to trigonometric functions.
H

For examaple sinh y2 D becomes jsin y2 D. It was found that

these quantities are not only pure real or pure imaginary

but change from real to imaginary or vice versa for the

2 2
cases y? > 0 and Y < 0.

Previously, equation (32) was obtained by lengthy alge-

braic manipulation of the boundary equations. In the approach

34
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described here the matrices (29a) and (29b) are defined

directly from the boundary equations and equation (32) is

arrived at by numerical computation. There is some sacri-

fice in numerical efficiency in this approach but the formu-

lation of the problem is straightforward.

Since in equation (44) the absolute value squared of the

assumed electric field is taken, this part of the series will

be in general a real and even function of an. Preliminary

numerical investigations by Kuchler [Ref. 19] of the coeffi-

cients of these series indicated an even distribution with

respect to the variable a n, also exists. Therefore, all terms

of the series (44) are even functions which allows the saving

of computation time by summing over only half the interval.

A desired solution for equation (44) can now be found by

assigning an arbitrary numerical value for the wavelength

ratio and then iteratively changing this until the series con-

verges to zero or more precisely a small enough value so

that a prescribed accuracy for the wavelength ratio is realized.

The next task is the determination of the time average

power flow. Here again complex arithmetic expressions are

involved as seen in Appendix B.

Dielectric substrates are commercially available for

various thicknesses D so that in general the line parameters

should be computed for each thickness and frequency. A more

generalized method of analysis is simply to scale the various

geometric quantities involved with respect to this thickness

35
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to obtain more versatile parameters for a varying normalized

frequency D/A. The resulting design curves may then be

applied to the structures scaled to different operating

frequencies.

B. COMPUTER PROGRAM DESCRIPTION FOR FIN-LINE CONFIGURED

TRANSMISSION LINE

A computer program which provides a numerical analysis of

fin-line is shown in Appendix C with the main program called

'FIN-LINE' and its accompanying subroutines 'CALC' and "CMTRIN,'

all written in the FORTRAN IV programming language.

The program 'FIN-LINE' starts by reading the input data

which includes the structure dimensions, the dielectric con-

stant, the initial values of the slot width and frequency

and the iteration steps. After the input data is read,

initialization of computation loops occur for varying slot

widths and normalized frequencies. Next, the program determines

the type of structure that exists and whether or not the con-

figuration is operating in the dominant mode. Operation at

higher order empty waveguide modes are allowed but program

termination occurs at the onset of surface waves.

The program proceeds with preliminary computations used

in the determination of the dispersion characteristic. The

first major computation of the program that takes place is

the finding of the wavelength ratio X'/X which satisfies

equation (36). The necessary coefficients for determining

the series are provided by the subroutine 'CALC'. An initial

36



value of 1'/=i/-- is selected where i/-- is the lower

r r

limit of X'/X, that is when d' = this wavelength of the

dielectric material. The results from the initial computation

are used to select a new value for X'/X through a bisectional

zero finding method to improve the results and the procedure

starts over again. The computation is terminated when the

correct value for X'/x is determined which satisfies equation

(36) or when the absolute value of the difference between the

old and the new value for X'/x is less than 5.10 - 4 and thus

produces a three digit accuracy after the decimal point.

Using the determined value of the wavelength ratio, the

program continues with the computation of the characteristic

impedance. The co2fficients for this computation (equation 40)

are provided again by the subroutine 'CALC'.

After completion of the dispersion and impedance compu-

tations, the program prints these values and restarts with

new values for the normalized frequency and/or slot width.

Figure 4 presents a flow diagram for the main program

'FIN-LINE'. All the variable names have been chosen such

that the statements can be readily compared with the respec-

tive equations of the appropriate appendices.

The subroutine 'CALC' provides the coefficients and matrix

elements as well as an extensive amount of the computation

used in the determination of both the dispersion and impedance.

The entry variable is X/X' for both characteristics. A flow

diagram for the function 'CALC' is shown in Figure 5.
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Once the subroutine is entered from the main program,

variablesused throughout are computed. Following the initial

computations, a decision is made as to whether hyperbolic or

trigonometric functions are to be used in the formation of

the matrix elements shown in Appendix A. This decision, of
2

course, is made by determining whether Y is less than or
2

greater than zero. If y > 0, hyperbolic functions apply
2i

and if yi < 0, trigonometric replace the hyperbolic functions.
1

After the decision making and the formation of the [ME] and

[MJ] matrices, the [ME] matrix is inverted and the matrix
-i

elements of concern in the [MJ] and [ME] matrices are multi-

plied together for the formation of element GIl of the dyadic

Green's functions.

The transform of the assumed slot electric field distribu-

tion is determined. At this point the decision, as to whether

the dispersion or the impedance is being determined, is made.

If the dispersion computation is in process, the subroutine

computes the terms of equation (36) and returns to the main

program for a new selection of X'/X.

If the characteristic impedance computation is being per-

formed, the program continues with the determination of the

coefficient matrix elements A through Dh. Once again the

decision for the use of trigonometric or hyperbolic function

is made followed by additional variable computations needed

in determination of power.
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The power flow in each region is determined for yi

greater or less than zero, depending on the conditions, and

totaled. This procedure is followed until the difference

between two consecutive values of the impedance is less than

0.1% at which time return to the main program occurs.

The subroutine 'CMTRIN' takes the complex [ME] matrix

and inverts it into the [ME] matrix destroying [ME] in the

process. The Gaussian Elimination Method with column pivoting

is used in determination of the inverse of the matrix. Since

this subroutine is small and performs only the one function,

it has not been flow charted but is listed in Appendix C.

C. PROGRAM LIMITATIONS

Infinite summations such as those which appear in equa-

tions (36) and (41), can not be performed on a digital com-

puter which deals only with finite numbers. Therefore infinity

must be replaced by a finite approximation. In the case of

equation (36), an analysis of GlIEx(cn) 2 versus n was con-

ducted with results shown in Figure 6. As shown in this figure,

when n reaches a value of about 10 the expression is down by

at least a factor of 10 relative to its largest value close

to the origin. The value n = 20 is sufficiently large to

be considered infinite for all practical purposes. Therefore

equation (36) becomes

GlIEj2  G1 (0) 20

-lJ 2 1 G G1 (n'B)E Ex (n) 12  (45)

n=0 n=l
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After establishing this limit on the summation, computer

errors (overflows) occurred at various points in the summa-

tion. An investigation revealed that the problem originated

in the dyadic Green's function component when yihj became

too large. Varying the size of h. produced overflows onlyJ

when h was increased beyond a certain point; a situation

where the walls around the central slotline-like structure

became far removed from the field. Limits were able to be

placed on yihj such that if its value became greater than some

value X in this case X = 80, then yihj was set equal to X

because of the limited interaction between the walls and the

field. When the field-wall interaction becomes a factor,

the overflow problem no longer exists. Limitations of this

kind are found in the computations of the wavelength as well

as the impedance.

The high valued arguments of the hyperbolic functions just

discussed cause additional problems when determining the

coefficients Ae through Dh in the power flow computations.

In the inversion of the matrix [ME], these large values become

small ones and when squared produce underflows in the computer

system since the magnitude of the elements were less than

1078. Limitations were placed only on the coefficients A

De and Dh which caused the underflow problem. The coefficients

were limited to magnitudes of 5-10 - 38 . This problem was

compounded by the fact that the coefficients are complex and

they may also take on either plus or minus signs.

58

I - ~ -77 --- -



During the investigation of the overflow problem, it

was noted that when W/b = 1, Ex = 0 for n > 0 and so G1 (0)

was the only important term in the computation. Therefore

whenever W/b = 1 only the n = 0 term is computed in both

the wavelength and impedance computations.

In the characteristic impedance equation (41), the

coefficients in this infinite series were found to decay

rapidly so that a finite approximation yields good results.

Figure 7 shows the characteristic impedance as a function of

N, the number of terms in the truncated series, for various

slot widths. Termination of the impedance computation occurs

when the difference between two consecutive values of Z in

the iteration loop falls below 0.1% or when the upper limit

of N = 50 is reached. A minimum of seven iterations is set

for the larger values of W/b except for the situation when

W/b = 1. In this case, only the N = 0 term is non-zero.

D. INPUT/OUTPUT DATA

Proper input data formatting is essential for any success-

ful computer program. Input data, similar to that shown in

Tables I and II are required with the program 'FIN-LINE'. A

minimum of three data cards is necessary to make up the

input data deck. The first card specifies the dimensions of

the shielding and the permittivity of the dielectric material

(b/D, h1/D, h2/D and er). This information is entered in a

floating point format with the column requirements specified

in the program listing in Appendix C. Note that for a ridged
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18.8 18.8 17.8 1.0
2
0.1 0.0170 15 0. A 0.0021
0.5 0.0212 24 0.5 0. 0021

O00 G 00a 0 0 0 O0 0 0 0 0 0 00 a0 0 0 0 fl a 0 0 a0 0 0 0 00 0 0
14 Is Is It -1 Is4 4 4' ;, ' 1 4: , :6 .*.1 4 . . . - . II," I A 'I ,I 14

Table I. Sample Input Data for a Ridged Waveguide
Structure with WR(19) Shield

18.8 18.8 17.8 2.2

3
0.02 0.0170 1s 0.0 0.0021
0.5 0.0170 15 0.0 0.04
1.0 0.01 15 0.0 0.01

0 0 06 0 00 0 O O O O O OO0 a 0a a0 00 0 0 0 0 0 0 0 0 1 00 02 12 4 I I ' I 'I q :? : : 71 :I .1 n ; $ U 'I j , I 6'"fV 4 ". 0 ; , ; :.

Table II. Sample Input Data for Fin-line Structure
with WR(19) Shield

r
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waveguide, the dielectric substrate thickness is zero. This

would result in infinite values for the first three values

of the input data (b/D, h1 /D and h2/D). To eliminate this

problem select any thickness greater than zero, but let its

dielectric constant equal one.

The second card specifies the number of initial value

data cards that follow with nine being the maximum allowed.

Sample input of Table I indicates that two cards will follow

the second card and sample input of Table II shows three data

cards follow.

The third card needed for the input contains initial

values for the computations that follow. Six pieces of informa-

tion are supplied by this card. The first two pieces of

information contain the initial values of W/b and D/A. Next

a two digit number specifies the number of different values

of W/b (first digit) and D/N (second digit) that will be com-

puted. On the last card of Table I, the number 24 indicates

that the wavelength and impedance will be determined for two

different values of W/b and for four different values of D/X

for each W/b. The last two values are the incremental values

of W/b and D/A, respectively. The value of 0.5 will be used

to increment the initial value of W/b so that the second value

will be W/b = 1. The value 0.0021 will be used to increment

the initial value of D/A so that the four values of D/X are

0.0212, 0.0233, 0.0254 and 0.0275.

The data shown in Tables III and IV is the computer output

from execution of the program listed in Appendix C with the

input data of Table I and Table II, respectively.
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SLOT-TRAKSMISSION LIN . ON A DIELCTRIC SUBSTRATS
WITH HIELDEC WALLS

(FIN-LINe)

DIMENSIONS: 8/0=18.80 Hl/0=18.80 H2/D=17.80 EPSR= 1.0

RIDGED WAVEGUIDO STRUCTURE EXISTS
FOR THF FOLLOWING VALUES OF W/B

W/B= 0.100 0/L= 0.0170 LP/L= 1.1559 ZO= 215.7 OHMS

W/B= 0.100 D/L= 0.0191 LP/L= 1.1176 ZO= 208.5 OHMS
W/B= 0.100 C/L= 0.0212 LP/L= 1.0918 ZO= 203.8 OHMS

W/B= C.100 C/L= 0.0233 LP/L= 1.0738 ZO= 200.5 OHMS
W/8= 0.100 D/L= 0.0254 LP/L= 1.0613 ZO= 198.1 OHMS

W/8= 0.500 C/L= 0.0212 LP/L= 1.1988 ZO= 382.6 OHMS
W/B= 0.500 0/L= 0.0233 LPIL= 1.1559 ZO= 369.1 OHMS

W/B= 0.500 C/L= 0.0254 LP/L= 1.1262 ZO= 359.6 OHMS

TE-20UIMPTY GUIDSRNODcPROPAGATEFS FOR
VALUE S OF D/L GREATER THAN 0.027

W/3= 0.500 D/L= 0.0275 LP/L= 1.1051 ZO= 352.5 OHMS

RECTANGULAR WAVEGUIDE STRUCTURE
EXISTS FOR W/B= 1.0

W/B= 1.000 D/L= 0.0212 LP/L= 1.2840 ZO= 484.1 OHMS
W/B= 1.000 D/L= 090233 LP/L= 1.2176 ZO= 459.2 OHMS

W/B= 1.000 0/L= 0.0254 LP/L= 1.1738 ZO= 442.4 OHMS
W/B= 1.000 D/L= 0.0275 LP/L= 1.1426 ZO= 430.6 OHMS

Table III. Output Data Obtained Using Sample
Input Data from Table I
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SLOT-TRANSMISIO LTN~rON A OIELECTRIC SUBSTRATE
SWTH SHfELDEO WALLS

(FIN-LINE)

DIMENSIONS: S/0=18.80. H1/0=18.80 H2/0=17.80 '-PSO,= 2.2

W/B= 0.020 C/1= 0.0170 LP/L= 0.9183 ZO= 138.6 OHMS

W19= 0.020 0/L= 0.0191 LP/L= 0.9035 ZO= 138.1 OHMS

W/O= 0.020 D/L= 0o0212 LP/1= 0,8933 Z0= 138.2 OHMS

W/B= 0.020 0/L- 0.0233 LPIL= 0.8855 10= 138.9 OHMS

W/B= 0.020 0/1= 0.0254 LP/L= 0.8793 Z0= 1319.8 OHMS

W/B= 0.500 0/1= 0.0170 L.P/L= 1.2457 ZO= 421.2 OHMS

TE-20 EMPTY GUIDE t'CDE PROPAGATES FOR
VALUES OF D/L GRSATER THAN 0.027

W/B= 0.500 0/L= 0.0570 LP/L= 0.9465 Z0= 501.2 OHMS

W/8= 0.500 D/1= 0.0970 LPIL= 0.9043 ZO= 700.0 OHMS

W/9= 0.500 D/L= 0.1370 LP/L= 0.8683 ZO0 776.9 OHMS

SURFACE WAVES PPOPAGATE FOP, VALUES OF r_/L
GREATER THAN 0,169; RUN TERMINATED

DjJECTTJSLAB-LOADED WAVEGUIDE
RUCUREXISTS FOR W/B= 100

CUTOFF FREQUENCY OF THS DOMINANT MODE
OIF EMPTY GUIDE IS C/L= 0.013

W/B= 1.000 0/1= 0.0100 LP/L= ****** ZO=

W/B= 1.000 0/1= 0.0200 LP/L= 1.2660 Z0= 508.3 OHMS

W/B= 1.000 0/L= 0.0300 LP/1= 1.0707 Z10= 464.9 OHMS

W/B- 1.000 0/L= 0.0400 LP/L= 1.0191 Z0= 493.8 OHMS

W/B= 1.000 0/1= 0.0500 LP/L= 0.9957 Z0= 553.6 OHM4S

Table IV. Output Data Obtained Using Sample
Sample Input Data from Table II
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In addition to the tabulated results of the computations

for the wavelength and impedance, message statements are also

printed under certain conditions. All the messages that can

be generated by the program are found in the output of Tables

III and IV.

Since various structures may take form by varying the

input parameters, description of the type of structure that

exists will be printed. For ridged waveguide, the permittivity,

Er , must be one and W/b < 1 whereas the structure becomes

empty rectangular waveguide when W/b = 1 (shown in Table III).

With E > 1 and W/b < I, a fin-line structure is formed. Since

this analysis is of fin-line structure, no output statement

is printed. When W/b = 1 and E > 1, a dielectric slab loaded

waveguide structure exists (Table IV).

The analysis of the fin-line structure presented here

concerns itself mainly with operation in the dominant TE1 0

limit mode. At the lower end of the dominant mode frequency

range when D/X < D/Xc , the cutoff frequency of the empty wave-

guide, an output statement with this information is printed.

The cutoff wavelength of the empty waveguide, Xc' is equal to

2a where a = h+h 2+D. Since the structure takes other forms

than just an empty waveguide, operation can exist below D/Xc

With the presence of a dielectric slab in the fin-line and

slab loaded waveguide operation exists below D/X c . Therefore

analysis below the cutoff frequency of empty waveguide is

possible but a lower limit is set. When the value of \'/x
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excc.eds 6, indicating the approach of cutoff, computations

terminate without printing values of '/ and Z for the

values of D/x for which A'/x > 6.

At the high end of the dominant mode frequency range when

X - a, the TE2 0 of the empty guide can propagate. Therefore

a statement is printed when D/A > D/a. For a value of

D/ > 1/(4/7), surface waves propagate on the metal-backed

dielectric slab and normal operation is no longer possible

so the run is terminated for that value of D/A.

The total program length including all subroutines is

48 K bytes of storage. The sample computer runs presented

here with outputs shown in Tables III and IV took 4 and 5

minutes, respectively which includes compilation time of

about 20 to 30 seconds.
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IV. NUMERICAL RESULTS AND COMPARISONS

To check the accuracy of the numerical results generated

by the computer program, comparisons were made with data

available in the literature for various fin-line sub-structures.

These structures vary from ridged waveguide at one end to

dielectric slab loaded waveguide at the other.

A. RIDGED WAVEGUIDE

As mentioned earlier, the fin-line structure shown in

Figure 1 becomes ridged waveguide with zero thickness ridges

when r = 1 and W/b < 1 or when the dielectric substrate

thickness D is reduced to zero.

The design of ridged waveguide was first treated by Cohn

(Ref. 20] and later by Hopfer [Ref. 21] and Lagerl6f [Ref.

221. The wavelength and impedance of the ridged waveguide

structure can be given by the following expressions

X' 1

= (46a)

c

z
=o [1 0 - ( 2 1/2 (46b)

c

The cutoff wavelength A c was obtained from the curves pre-

sented in [Ref. 21] for several values of W/b. Using this

information and equation (46a), the wavelength ratio X'/X was
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determined. These calculated values were then compared with

the results using the spectral domain method of the computer

program discussed in Section III. Figure 8 shows the two

results with agreement to within 0.5% where the discrete

points are from equation (46a).

A similar comparison of the impedance was performed using

equation (46b) where Z was obtained from curves found in

[Ref. 221 and the numerical results of the program 'FIN-LINE!

The results appear in Figure 9 where again very good agreement

exists with a difference of only 2%.

B. DIELECTRIC SLAB-LOADED WAVEGUIDE

A variation of the fin-line structure of Figure 1 where

W/b = 1 and E > 1 results in a dielectric slab loadedr

rectangular waveguide. This structure has been studied in

considerable detail by Vartanian, et al., (Ref. 231. In their

work, the dielectric slab was centered in the waveguide and

they presented an analytical expression for the (voltage)

impedance, Z (using the notation of (23]) at the center ofpv

the slab. The impedance computed in this analysis was speci-

fied at the edge of the dielectric slab. Therefore a relation-

ship between the two impedances must be defined before any

comparison can be made. The impedance at the edge of the slab

can be easily defined by the expression

Eedge
O  pv(Ec-tr) (4 7a)

x
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where Ee dg e is the field at the edge of the slab and E
cn tr

x x

is the field at the center of the slab. Thus,

zo  :Zv cos2(q) (47b)
0 pv '2s(4b

where the vario's quantities are defined in [22] as

q 2 (21T) 2 2 r 2

s= c/2

and C = D is the dielectric slab thickness. The characteristic

impedance of a slab loaded waveguide was computed using

equation (47b) (where Z was obtained from Vartanian'spv

curves) and the spectral domain method. The results of the

computations are compared in Figure 10 where the discrete

points are calculated from equation (47b). It can be seen

that the results agree very closely. The difference is less

than 1%.

The wavelength of the slab loaded waveguide may be

determined analytically by the transverse resonance proce-

dure [Ref. 16] which is found by writing the field expressions

for an exact solution of the problem, applying boundary condi-

tions at the air-dielectric interfaces and thereby obtaining

the determinantal equation for the structure. The wavelength

ratio is found by determining the value of X'/X which satisfies

71

Pm"'On 17Z



WR (19)

.094"

.188's10

w
7 1.0

700- D 2 . r9.0
h0D

600 E 7 0

0
N500

400- .10

300.

30 40 50 60
FREQUENCY (GHZ)

3 4 56

Figure 10. Voltage Impedance Z vs. Frequency
for a Slab Loaded W9(19) Waveguide.
Slab is Centered

72j

_ _ _ _W 704



the determinantal equation. Figure 11 shows the variation

of the wavelength ratio with dielectric thickness, D, for

several values of e r obtained by the spectral domain method.

The edge of the slab was placed at the mid-point of the broad

wall of a WR(19) waveguide operating at 40 GHz. The dis-

crete points are those values determirned by the transverse

resonance approach. Excellent agreement was obtained between

the results of the two methods. The greatest difference between

the different approaches was only 0.6%.

C. SLOTLINE

If W/D < 2 and E is sufficiently high for the fin-line

structure of Figure 1, the presence of the shield will have

little effect if the walls are sufficiently far removed from

the slot. In this case the structure will behave like a slot-

line. This behavior of fin-line is illustrated in Figure 12

where the wavelength and characteristic impedance is plotted

for er = 20 and a slot width normalized to the dielectric

thickness, W/D = 1. The discrete points represent the wave-

length (0 ) and the impedance (0 ) of a slotline obtained

from [Ref. 241 for the same parameters Er and W/D as the fin-

line. Agreement between the fin-line and the slotline is

within 1% for the wavelength and 5% for the impedance. The

impedance curve for a ridged waveguide structure with the

same fin separation is plotted for reference.
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D. MEASUREMENTS

Very little experimental data is available in the

literature for any significant comparison. However,fin-line

wavelength measurements have been presented by Meier [Ref. 1].

The guide wavelength in the millimeter fin-line structure was

measured across the band of 26.5- 40 GHz by a sliding short-

circuit technique. The fin-line used a D = 10 mil substrate

with Er = 2.2. A WR(28) shield (a = .280", b = .140") was

used along with a fin separation W/b = .128 (W = .018").

The results of this experimental work are plotted in Figure

13. A computer run was made for a structure with the

parameters reported by Meier and the results were compared

with Meier's measured values. This comparison is illustrated

in Figure 13 where an agreement to within 1% can be seen.
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V. FIN-LINE DESIGN CURVES

A problem exists with the preparation of design curves

for structures like fin-line because of the number of inde-

pendently variable parameters which describe the structure.

This difficulty can be alleviated to some degree by practi-

cal considerations. First, fin-lines are constructed with

a shield that is compatible with the dimensions of standard

rectangular waveguide for the millimeter wavebands. Above

22 GHz, all the standard waveguide structures have aspect

ratios, b/a = 0.5. Furthermore, the fins are normally

printed on 5 mil thick Rogers Duroid 5880 dielectric substrates

with E r = 2.2. Design curves have been provided, which

appear in Figures 14-17, for structures with parameters dis-

cussed above for the 26.5 -40 GHz, 40-60 GHz, 60 -90 GHz

and the 90 -140 GHz waveguide bands.

It can be seen from Figures 14-17 that even with fin

separations of a few mils, low values of impedance are diffi-

cult to achieve. In some applications lower impedances than

those obtained here which are on the order of 125 - 150 ohms,

are desirable. One method of accomplishing this objective

would be to increase the dielectric constant. This can be

seen by comparing Figure 12 for a W/D = 1 and Figure 15

for W/b = .053. For this W = 5 mil slot, it is found that

the impedance decreases from about 165 ohms to 90 ohms when

the dielectric constant is increased from e = 2.2 to r = 20.
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The disadvantage of this method is, of course, a reduction

in the wavelength by a factor of 2.5 causing the already

small circuit dimension to become even smaller.

Another possible way of achieving a lower value of impe-

dance may be in the relocation of the fins toward the side-

walls of the guide. Figure 18 illustrates the wavelength

and the characteristic impedance of a fin-line with the fins

shifted midway between the center and the sidewall of a WR(19)

waveguide. A comparison of Figures 18 and 15 indicates a

2-4% change in the wavelength of the guide for W/b = 1 and

less for smaller values of W/b.

The values of the characteristic impedance for small

values of W/b are relatively unchanged since the fin-line

structure behaves like slotline and the presence of the shield

has little affect. For values of W/b > 0.5, noticeable

decreases in the impedance have taken place. The most signi-

ficant decrease occurs for W/b = 1 where the impedance

decreases fr6ff 500 ohms for the centered dielectric slab to

about 275 ohms for the off-centered configuration. In this

condition the structure is a slab loaded waveguide and since

the low dielectric constant results in little change in the

empty guide fields, the results are as expected based on the

voltage impedance definition for the empty rectangular wave-

guide. A point of interest is the impedance for W/b = 1

falling below that for W/b = 0.5. This indicates that for

the off-centered configuration, the impedance increases with
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W/b until a maximum is reached and then decreases until

W/b = 1. Overall, the relocation of the fins toward one side

of the waveguide appears not to have achieved the lowering

of the impedance for small values of W/b as anticipated.

Therefore, of the two methods discussed, increasing the

dielectric constant accomplishes the lowering of the char-

acteristic impedance desired; but as mentioned before, the

circuit dimension shrinkage is unavoidably linked to this

action.
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VI. CONCLUSIONS

A spectral domain technique for analysis of the dominant

mode of fin-line has been presented. It has been shown that

this efficient numerical method can be implemented compu-

tationally to accurately calculate the dispersion character-

istic and characteristic impedance as a function of frequency.

A matrix formulation of the problem permitted the elements

of the dyadic Green's function to be computed and circumvented

the extensive algebraic manipulations associated with the

formulation of the resulting eauations. Numerical results

obtained by using this method have been presented and compared

with existing data for various structures. Excellent agree-

ment was obtained in all cases thus establishing accuracy of

the method and the versatility of the computer program.

Design curves for millimeter-wave fin-lines of practical

interest were also included here. Both the centered and

off-centered fin configurations were discussed and the off-

centered fin location was shown to result in no significant

impedance change for small values of W/b.

In this thesis, particular interest was devoted to the

analysis of fin-line. The method employed, however, is com-

pletely versatile since it is a general formulation of an

inhomogeneous transmission media problem. Therefore, it can

be clearly seen that by varying the parameters of the fin-line

structure, it may exhibit the characteristics of ridged
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waveguide, dielectric slab loaded waveguide, slotline, and

conventional rectangular waveguide. All of these structures

are fin-line substructures and as such are included in the

approach presented.
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APPENDIX A

Derivation of Spectral Domain Matrices
[ME] and [M J]

The continuity conditions given in equations (9) through

(18) are transformed via (24) into the two dimensional

Fourier domain which yields

at v = D

2 e (anD) k k2 ekcl 1 C2 $2 (cn'D)

-jcnF r (  s D ) - j wij - ( an D ) = -jan r t ( anD) - j l - 2- (cnD)

n~ ~ ~ 1eF a 2n y n

k 2  (e (a D) = E (cncl 1l(n '  n

-Jkn1  l (a ,D)- -- (a ,D) = J ( (A-1)

n 1 o' a n'x n

2 e
-j nFch(O, ) jwr (an D) + c( D

na nz n'

at y=

k2  (e (a,0) = k2  De
c2 2(n c3 3 ( n ' 0)
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II

h eh
-n2 '3 - e ,( 0)-jW;i-(C, .0) = j r (1 0) -j u-3(a 0)

k 2  h k 2  h 0) (A-2)c2 2 ( n
'0) 3 n'

a te aeh ,023
0 h(a n 0) +jWE 3 -(c ,0)n (nO)+jwc2-(n,0) -n 3  , 37--n

where U= I= l U2 u3"

The solutions to the two Helmholtz equations given by

equations (26a)-(26f) are now substituted; the dependence

of the coefficients Ae through Dh on a is understood and
n

from here on is not shown explicitly.

(k clsinhYihl)A e(k c2 sinhY2 D)B e-(k2ccoshy2 D)Ce = 0 (A-3)

-(janrsinhylhl)Ae+ (jn sinhY2D)Be+ (jianrCOShY2D) e+ (jwwylsinhy1hl)Ah

+ (jwPY2 cOshY2 D)B h+(jwuy 2 sinhY2 D)Ch = 0 (A-4)

(k-2 )Ce-(kc3 sinhY3h 2 )De 0 (A-5)

-(janr ) ce+ (9an sinhY3h 2 ) D e _ (jWy 2 )B 
h  (A-6)

+ (jwly3 sinhY3h2 )Dh = 0

(k 2 Ch 2 Dh (A-7)

(kc3COshY 3h2)0

8
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(jC 2Y2 ) Be-(j we 3 y 3coshy 3 h 2 )De-(j n ) 
h  (A-8)

+ (jan rcoshY3 h 2 )Dh = 0

-(jxnrsinhlhl)Ae+(JwyYlsinhY l hl)Ah = Ex(an) (A-9)

(k 2sinhylhl)Ae = Ez(an) (A-10)

(k 2coshYihi)A h(k 2 sinhY2D)B h-(k 2 coshY2 D)ch =x(an)A-)

- (jweiYlCOShylhl)A e _ (jwE:2Y2COshY2 D ) Be _ (j we2.2s inh Y2 D ) Ce

(A-12)

-(J nC°Shyh1 ) A h + ( j a n r s i n h y 2 D ) B h + ( j a n rcoshY2D) C = z(an)

This set of linear equations (A-3) through (A-12) may

be written in matrix form, such that

m 11 m 1 2 m 1 3  0 0 0 0 0 A 0

m 2 1 m 2 2 mi2 3  0 mi2 5 mi2 6 in2 7  0 B 0

0 0 m 3 3 mi3 4  0 0 0 0 Ce 0

0 0 m 4 3 m 4 4  0 m 4 6  0 mi4 8  D e  0 (A-13)

0 0 0 0 0 0 mi5 7 mi5 8  A 0
Bh0

0 m 6 2  0 mi6 4  0 0 mi6 7 mi6 8  B 0

0 0 0 0 0 0 Ch E

ME 0 0 0 0 0 0 0 Dh  E81

90

Vi.k. . i



where the 8 x 8 matrix is [ME] of equation (29a), obtained

by combining (A-3) through (A-10).

The combination of equations (A-3) through (A-8), (A-l1)

and (A-12) form the matrix equation (29b) repeated below in

expanded form.

m1 1 m 1 2 m 1 3  0 0 0 0 0 Ae 0

m 2 1 mi2 2 m 2 3  0 m 2 5 mi2 6 m 2 7  0 Be 0

0 0 mi3 3 m 3 4  0 0 0 0 Ce 0

0 0 m43 m44 0 m46 0 m48 D e  0 (A-14)

Ah0
0 0 0 0 0 0 m 5 7 m 5 8  A 0

o in 0 m 0 0 n m Bh
0 m62 0 m64 0 0 m67 m68 0

03 J 0 ch  io 0 0 0 i 7 5 m76 i77 x

J 3 0 J 3 0 Dh
m 8 1 m 8 2 i 8 3  0 8 5 m 8 6 i 8 7  0 z

The matrix elements of [ME] and [MI] are normalized at

this point with respect to D, the dielectric substrate

thickness; but before describing them, the normalized con-

stants used in these elements are presented.

(y1D) 2 = (Y3D) 2 = (aD) 2+(2) 2 [(X/A') 2 - ] (D/X) 2

2 2 2 22
(Y2D) = (anD) + (27) [(X/A') Er  (D/X)

2
If (yiD) < 0 then the following is defined
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2 22
(yl"D) = (y D ) = -(y 3 D)

(y 2 D) 2= -(N 2 D) 2

Other normalized constants are

2 2 2 2 2

(k clD) k = (c3 D) 2 = (2Tr)2[1-(WX ')2] (D/X) 2

(kc2D) = (27) 2E r-(X/X) 2] (D/\) 2

2
wPD 240 f (D/X)

E 1 D W 3 D = 1/60(D/X)

WE2 D = r/60(D/X)

BD = 21(D/) (X/X')

n27 (D/b) even

c Dn

(2n-l)7r(D/b) h odd.

The normalized matrix elements are now presented in two
2

forms. The first of the element equations is for (yiD) > 0
2

and the second is for (yiD) < 0. For the matrices [ME]

and [M5 ], the elements m 11 through m 6 8 are the same.
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(k lD) 2sinh [ (-1D) (hl/D)l ] D) 2 0

mlll
j (kclD) 2sin[ (y ,,D) (hl/D) ] D) 2 0

:::-:(kc2 D) 2sinhY2D (2 D) 2 >-- 0

2 22_j(k c2D) 2sinY2 ,,D (Y2 D) 2 <0

kI c2D) 2 cosh 2D

(kc2D) 2 csiy2 "D

m 1 4  - m1 5  'n1 6  ' 17 = m 1 8  = 0

(a nD) (BD)sinh[(yiD)(h 1 /D)]

mn21
j (cn D) (BD)sin[ (y1 "D) (h 1 /D) ]

(i n D) ($D)sinhy2 D

in22  = f(0 n D ( D)siny 2  D

m 23
-( (n D ) (SD) cosY2 1D

-((inD) (8D) cosy 2 "D

m24= 0
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-j (wLiD) (y 1 'D)sint (yj1 D) (h 1 /D) IIj (wu~D) (-Y2 D) coshy2 D

m 2 6 =

_ ww~D) (y2 "D) co s Y2 "D

[j (wi,;D) (Y2 D) sinhy2 D

I-j (wu.D) (Y2 "D)i SfY 2'"D

m 0

282

(kc2 D)

r 3( 2 D 22

** (kc3 D) 2sinh((y3 D) (h 2/D)] (Y3 D) 2> 0

i 3 4

S-j(k c3D )2 sjn(y 3 "D) (h2 /D) (y3 D) 2< 0

in5  m m in = 0
35 36 37 38

m 4 1  = i 4 2  =0
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I (aD) (ED)

m43 n
( nD) (SD)

I -(anD) (BD) sinh[(" 3D) (h2/D)]

m 44
-j (anD) (BD) sin[ (y3"D) (h2/D)]

m4 5  - 0

-j (wtiD) (y2D)

m46

(wliD) (y2 D)

m 4 7  = 0

I j(wpD) (y3D)sinh[(Y 3D) (h2/D)]

= 48 -j (w iD) (y3"D) sin[ (Y3 "D) (h2/D) ]

m 5 1 =m 5 2  m 5 3 = 54 = 5 = m56 0

(kc2D)

i 5 7

(kc2 D)

95



AO-A063 B36 NAVAL POSTORADUA9 SCHOOL. NONTLVY CA F/0 1
SftCIRAL 0004AIN ANALYSIS OF PZN-LUE. LW)J KASIIO DEC TO P N SHAYDA I

21,12



-kc3 D2oh(y 3 D) (h2/r))]

m 5 8

I(k3 D) 2 c5 (y3 "D) (h2/D)]

m 0

r WC2D) (Y2 D)

_I(W ~ 2 (D)

jWE 3 D) (y 3 D)Cosh (Y3 D) (h2 /D)){(WE3D) (Y3 "D)Cos[(y3 D) (2/~

m 65 = 66 =0I a (nD) (BD)

m 6 7 =

(a nD) (BD)

[-(anD) ($D)coshi (Y3 D) (h2 /D)]I
I8 = (cnD) (OD) Cos (y 3 D) (h 2/D)]
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-f (CD) (BD)sinhf(yD) (h1/D)]
jl (ct nD) (BD) sin[((y1 "D) (,D

m E ME =ME 072 73 74Ij(wu~D) (yD)sinh[(yD) (h1/D)]

75=~ ~ D (y 1 "D)siri((y1 "D) (h 1 /D)]

M E =ME .ME 076 77 78=

Ek I l kD) 2 snfyD(h1/D)l

I8 j(k clD) 2 sin y 1 "D) (h 1 /D)]

m E =ME =mE =mE =ME M E M E 082 83 84 85 86 87 88-

71 = 7 2  73 74I (k clD) 2 cosh[(yD)(h1 /D)]
k c kD) 2 Cos (yl"D) (h1 /D)]
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J-(kc2 D) 2sinhy2D

in 7 6

-j(k c2D) c2 siny2 "D

-(kc 2 D) 2coshY2 D

-l -(kc 2 D) 2COSY2 " D

m 0

J-j (WE 1 D) (yD) coshf (yD) (h1 /D)J

m 81 (WE 1 D) (y 1 'D)cost(y
1 'D) (h 1 /D)]I-i (WE 2 D) (Y2 D)coshy2 D

in 8 2 =

(we 2 D) (-y2 "D) cosy 2 "D

{-j (WE 2 D) (Y2D) sinhY2 D
83=

j (we 2D) (Y2 D)siny2"11D

i84  0

J a n D) (OD)coshu(yD) (h1/D)]
85 n D) ($D)cos[(y1 "D) (h1/D)]
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(i nD) (SD)cosh[(YlD) (hi/D) 
]

m 86=
a (nD) (BD)cos ((yI"D) (h1/D)]

- (anD) (SD) sinhy2D
Mm87

-j(an D) (SD)siny2"D

m = 0

Once the matirx elements are determined for the existing

(y2 > 0), the (ME] 1 is created for the purpose of

eliminating the unknown coefficients Ae through Dh in (31).
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APPENDIX B

Time Average Power Flow in the Spectral
Domain of Fin-line

The following expressions for the time average power flow

in the three spatial regions are derived from equation (40).

The solutions to Helmholtz's equations given in (26a) through

(26f) are substituted in the transformed scalar potentials

of (41). In the following derivations the dependence of the

coefficients Ae through Dh on the variable a n is understood.

Also to be noted is that y1 = Y3 since regions 1 and 3 are

assumed air filled.

Region 1
2

Case la: (y1D) 2 > 0, Y, real

1 = Ae sinh y1 (D+hi-y)

0 h= Ah cosh y1 (D+hl-y)

30e
- 1-= -Y1A

e cosh y1 (D+hl-y)

ah_-- = _ h sinh y 1(D+hl-y)

ay - 1

The term Pla will be used for the power flow in region 1 for

the case (y1 D)2 > 0. Substituting the Helmholtz equation

solutions for region 1, (40) becomes
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1 O D+h1  2e22 fje2a e(Ah)*p la, 2b Re I f Isr13 A I8 Suy 2 A I n'ilA(
n=-~ Dini

-jk 2 aYi(Ae) *A h I(sinh 2 y1 (+h 1 -y)l

+[-$Willa 2A h12 -wcly 2 A e,+j, A e (A h)*

-jk2a Y1 A h(A e)*H cosh 2Yi(Dhl.y)]}dy (B-i)

Carrying out the integration

D+hi 1

f sinh yl(D+hl-y)dy = -Csinh(2yihl)-2yihl]
D 1l

D+h 1  21

f cosh yl(D+hl-y)dy = -Isinh(2y~hi)+2y~hi]
D

Equation (B-i) becomes

i we a2e1
P Re 1 - n JAeI2 B8 ~u JA h 12 +jB 2 aAe (A h

-k 2ia (A e)*Ah, tsinh(2y h )-2y h1 I

2
+ W~Ilan JAh2IB. y e 12 +S2 aAe (Ah

-jk 2 A h(A e)*] (sirh(2Y h )+2y~hl]} .(B-2)lan
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Equation (B-2) is the final result for the power flow

in region 1 when (y1 D) 2 > 0. Putting (B-2) in normalized

forms produces the following result.

1 D 00 (SD) (EID) (a nD) 2 A e 1+A h2

P = Re ([ (71 D) (D e 2+(8D) (wilD)(yD)
2a be __* 2 (Ae) * h

- ( D) 2 (e -(Ah) +j(kD) 2(a D) 2 A 21

D D D D

h h (D) (wu 1D) (O nD) 2 Ah
[sinh2(y1 D) (--)-2(yID) (--)]+[

D(yD)- D2

e  e h*

AhD)W DAe--,-) 1[sinhD)2 (CLD ) A ( l ) ( ) B3D D D

+j(kiD) 2 (e*D) A (-e h h+2
D D ~ih(

2

Case ib: (ylD) < 0, Yl is imaginary in which case

(y 1 D) 2 = (yID) 2

e = jAe sin yl"(D+hl-y)

h = A h cos yl"(D+hl-y)

,e

3-- jy"A e cos y1 "(D+h -y)
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ah
a- 1 yeIVAh sin yi"(D+hl-Y)

Substituting the values into equation (41), integrating and

normalizing with respect to D results in

2
1D (D) (weD) (anD) Ae h

Plb = - () Re n=H- (YI 2 +(BD) (w 1 D)(y 1 "D)I 2b (1-Q ( 1 D)DD

Ae (A _ (k 2 (A) Ah

-(BD) (anD) (2 Dan D_ 2

D V D D2

2h
h I  h I  (GD) (wjilD) (anD) Ah

[2(yl"D) (-D-)-s1n2(- 1 "D) (--) I+ 1 2
± ~ D

A2A2 (AhI

+ (BD) (wED) (YI"D)IA 12+(BD) 2(aD)D- D2

S1 D D D

D 2 e* A h h hl

+(kD) 2 (  ( D-I2(yI"D) (-D-)+sin2(yl"D) (-)]} (B-4)
1 n~D D 2 D D 1 D

This is the final result for the power flow in region 1
2

when (y1D) < 0.

A shorter version of the derivation will be used for the

remaining cases wherein the regional cases will be described

and the final normalized result will be shown. This will be

similar to that done for case lb.

I ,
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Region 2

For region 2, the power flow expressions are the same as

for unshielded slowline except that the Fourier integral is

replaced by a summation and the interval 2n is replaced by

the interval b.
2

Case 2a: (Y2D) > 0, 72 is real

e Be Ce

2 = sinhy 2y+ cosh y2y

h = Bh sinh y2 y+C
h coshy 2 y

2= f2Be cosh y2y + C
e sinh

= Y2[B h cosh y2 y + C
h sinh y2y]

Substituting into equation (41) and integrating followed by

normalizing with respect to D produces the following.
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1 0 (BD) (wE2D) (an D) 2 Be 12 ()w 2 D) (anD) 2 h 2Pa=- 8(-) Re I { C 2 _ B_n=-D D (Y2

+(SD)((E 2D  2D ) cD- 2+(B(2D) 2 D) (y! 2

2 Be (Ch)* (B(h)* Ce  2+jV(D) (anD) C Di2 D D) (a D

e* h Bh (Ce ) *

D D2 D2 D2 2

(8D) (SW 2D) n D) 2 1c e 2
[sinh (2Y2D) -2Y2D)]+[ (Y2D) D 2

(BD) (wi2 D) (anD) 
2 ch Be+ (Y2D (y2D) 1 D I

Bh SD (c D )* e  (Ch)*

(B D ) ( w 2 D ) (Y 2 D ) -B D1 22 hBe(a nD ) e + D- ( h )

D' 2D D' D DBh e * e *Ch

-J(k 2D)
2 (nD) n - 7 ( 2  [sinh(2Y2 D)+2Y2D]

(anD) 2+(Y2D )2(Be (cn) D) 2 e  ce[ (2D) (Y2D) D 2 D/ 2  D2  D]

(anD) 2+(y2D)2 h C h *(Bh h
+(D) ( 2 D)(, (Y2 D) )(C 2

2 (B ~h Ce (h) *)

n DT h * ;2 -)_j2(k2 D) (an D)
+J2(8D) 2(cnD) DV --) D- D (nD

.((c) Ch (B)* B cosh(2y D)-1]1 (B5)
D 2 -D7 D7

This is the final result for the power flow in region 2 when

(Y2 D) 2 > 0.
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2
Case 2b: (y2 D) < 0, Y2 is imaginary in which case

2 2

(y2 "D)= -(y 2 D)

e = cB esi
2 sin(Y 2 "Y) + Ce cos(y 2 "y)

h=jB h si
2 sin(Y2 y) + C cos(y 2 "y)

e

ay 2 jy12B e Cos y2 "y - Y211 C e sin y

~c2h to-ho
ay 2 jy 2 "B cos y2 "y - y2"C h sinY2"y

2

The final result for region 2 when (y2D) < 0 after integration

and normalization follows.
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(eD) (y 2 D) 2D)n D ) 2  
h2D(+D) (WED) (D) e (D) (- 2  (D) 2P2b 8 b Re - { (y 2,,D) - D (y 2"- D) D

+ (BD)(wE 2 D) (Y2 "D) IC 2+() (Bwu.2 D) ( W2 D)i-2

Df D7

2 ( Be (Ch h* eB
+(kD) (a nD)( J- D2  )

(BD)( 2 D) (nD) 2  Ce , 2 (SD)((oo 2D)(enD) 2  Ch
(Y2,,D) D-l (Y2"D) D 21

+(aD) (wE2 D) (-2 "D) D7 2+(BD) (u2 D) (Y2 "D)IVD 2

2 Bh CeB e (ch)*  2a h Ce )  (B e ) h

+( )( )(B) *h Bhe)B *

+( D) 2(nD)( D2 D( CD 2 D ) + ( k 2 D )  ( D) (1E (C c H2

( nD 2 ,D 22 2

•[2y2"D+sin(2 2"D)]+j[(D) D) (a 2D-(y2 D) 2

2 2( 21D

e (ce) (Be ) e 2 ( D) 2_(-2,,D)2
2T +($D) (w2 D)( " D) D

DD D D  (2

B h* Ch  2 B (Bh  C h e* e
(- D 2 ( 7D ) B ) + 2 ( BD ) 2 n D ) - C2  (

D D D D D' D D2 'D

B2 () (e e h (B e  Bh

+2 D(-2D- DT) 2 [C-cos (2"' ] } (B-6)
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Region 3

Case 3a: (Y3 D) 2 > 0, Y3 is real

e De

3 = sinh y3 (h2+y)

03h  = Dh cosh y3 (h2 +y)

ate
ay- = Y3D e cosh y3 (h2+Y)

a-y-- = y3D
h sinh Y3 (h2 +Y)

Substituting these expressions into (41), integrating and

normalizing yields

1 (BD) (w D3D) (a nD) 2 De 2+( D)(C3D) Dh

P3a 8 e R (Y3D) D 3 2+ 3 D-Y

2 D (D) D 2 (De) Dh

D D D D

h 2  h2  (D) (wl 3D) (anD) 2 Dh 2

" [sinh2( D)(- 2 -)-2 ( ( a ) ]+ (D)D-Z

e e (h*

D D D----
2k(D e )* Dh h2  h2

J(k 3 D)2 (an D) ( -2D- [sinh2(Y 3D) (-y-)+
2 (Y3D) D

3 D

(B-7)
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This is the final result for region 3 power flow for
2

(Y3D) 2_ 0. 2
Case 3b: (Y3D) < 0, y3 is imaginary in which case

(Y3 'D) 2  _ ( 3 D) 2 .

e jD e sin 7 3 "(h 2 +Y)¢3 =3 2y

h = h
= D cos Y3 "(h2 +Y)

e

a-y-= jY3 "D cos Y3"(h 2 +y)

3 ,, IDhs ,
a -3 -y3 11h sin Y3  (h2+y)

Substituting into equation (41), integrating from y = -h2

to y = 0 and normalizing the result with respect to D produces

the following.

3 D R{ (SD) (wE3 D) (anD) 2 IDDe 12D h 2

P - ( ) I 2+(B 3 DY 3 -)-Tn=- D D

2 e(Dh) + 2 (De) * Dh

+(8D) 2(anD) 7 +(kD) (anD) DT -]

D D D D

h2  h 2  (8D) (wu 3 D) (n D)2 Dh 2-[2 (y 3 "D)(t)-sin2 (y 3 "D) T-) ]+ [D) n -

De 2 2 De h*

D nD D
2 De* h h

-(k 3 D) (-2+sin2 (Y3"D (B-8)

109

OW



This is the final normalized expression for the power flow

in region 3 under the (y3D) 2< 0 condition. It may be

noted that a minus sign appears in front of all the equations,

this is because a wave traveling in the -z direction was

assumed.
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*I0 0 0 z
cc 0 - Z -a

*j I M - 04
*- I--Z 0 a w I
*0 U0-U. %n ~ #A W cc Z
* .JC<UU.> 0- V) pq 0 M < 4_
*IAWX 43 -a CAw- Z 14 L.00L <
*0.4-j3: >- Z...j 4 _j c.- 3c

* ~~c1W(J'-0 4 LJw nZ x-
* X U, Z "cc aU I.- 0-Z
*r qjZn.L 4AL C' .j 0. .. JI.U .

V* "Va-l) " _ 4 ILJ I-IL.,_
30)- ctA=,Acc 4 WV) - j -I Uta-C Ut
_* I% 0a- M" Za- Uj WOOa-

a49ZW.~In a I- -C -1 _j a
*M4i>( cc x > 4 qw34< _jIn -

Ox4v).4-JI0 Ow 00Q 03 0->040 *%1-I.
* -- 1>.4 or 1.- - 11% (xcl 0. LU 1-c4

*z ZR <WZZ 1-3 M. t-4Il'I-
*w WO 0- U Z cj 4 < co~
* 0 w. '.-1- t;W _j Mt..ac ZiI .0 4 U. OLU.
*ZI-I.- 4MI-U CL- .. J~n ... j.J 0 C. A.
*W4 J.IOwD< Vn3Z w <V) o..J.jw cc0'

0, ccA-UInL4W0 UJ 0 0 3W <-.4:).Jc~)x In '0*
*****WI-ZZO> WU ccao.- U. wZ w33..Jc34w Z .000
* * * 0 AP-'4 OuW Own Ob I-Uiluj _.J--. L-C ) -4,-4

*J * W * 40I-Rx Z wzu. 0 a-QL Q.0c>U..U..%3 e-..rlL.U-
* *Z * -II 4 1- W.U. W aw- w- coo. - InL u--
* *- *o)ZMMOOZ "1--X / xn -jAU)o)-j 0 I L Z -
* _-I* Z OZZW4dZ 30.-. D WLI- -Jul 4i/V<0 WL) w- -4NJ
* *I **Ut 4-0L,0 LAI C- 0s-LLU-O-.WWO..J XZ x 000_
* i ** p- 4C a- O) IA 00cl.-n~nV 4 ".-)-~
* *Z Ow<UUc1M~ZWx-j - Z>- U.. 0"-.Jx LO 09 a-

9 *- ** w-'-x-j0 ,-NIIL.j 0UOWwWZ<<wL-wc~U;
* U* L "O<"4I-s-0- 4 LU a-ZO Z00a-' .1C3 a- 1>O0
* * *U.3C/I cQ~~ Ox cx Vnw WI-_ZZ WxLIZ "
* ~ _ ** 1 . Z4000-WWW M 440A.M 1-4-

* ~ ~ "I ***N** 4WaC..JU4-0 XI- ILOO-ZZWa-.--c<U V1-I

* InOI-I- < 1xcIn -J "w'wU> a-1-4ew04c1-,W>"- Lvx 4.-l.
w MUaZOUIaWZI- U DU..D >QU'WWaMM I- .. -f. .-O"

* 04A-49- ac IWw Z ...u...a- uLuLLuLL _J._5E) <~ u..u
oa- Zac0aa-4LLLAOM Lit Or044-OO0ULUX044.-- 0a-a- * 0

* ~>Z042I.-4 wn .- x wW1>ia"Iah->-0 U j j-
a DCL I!0....az4U. 0 NN-r Z"NO N 7IJ0(D% w 0 U*i'CC

ti L 0-W:)W< 0 Z .-...... aw-a.a- O.XUL-i-
& O.IW U'Inw wU._In0I-._)Jw 4ZU L..U'J410 I- inI.-

*u__ "<JI WWI4 .- 2.. x1-~z uIZI-a a-
*490-4 I- 00-4/)-1+0 "Oc~"Ucx 0 0 *>ca-'4 2

cali- 0 V) OOWOWL x1.-QOzzWjOcOOO<UJzzx a0
* (.D4wcw-wOa-.wMa- qZZ"a-.aZZZZZxza-ea-' w

* a-.- I.- awo<"w. 09- C

* -~~-Zww-JW- WI.- .. ia-.4-N4Jw.j -" 0 cc
* ~ ~~~~~~~~~~~ LL-n-4Z..~- ~ -a0.)3-~0 a -

* 9-0aO'-lip..*I-r1 -~0W~---J3IJ~U



Wt 0 ZLL UJ 0.-i I
a 7 ".0". I 6- m Z-
at 40 1.- Z Wtj- "0

C) U U)P-Wat >1±-4 U4 -dh
w) P-iatr~o. oat xU~

4 01- 4.- Wj C 1-- 0
4 * 40. u4_Jl T0c' n*

£3. C.) -U49(/ IL'4V (AZ.'

4.5 .4c )(X ori- W' m I.- ODC C * 0
>.4 I.- .=<<4<< cut=>- xat U 0t >1. * .

Mo 0-Xx7 xv VUI-.o OW= tno. > 64 0 I
4JV) 0.1-- 4C w I-at - z U-I- O-1. 4..I

qQ0 x M7Z- 000Ow UWW u w- wv Z 4 cc
at. e-CC Co- ta11 LLU. "M.C.0M W03 Z'"-. Q W /
0 1-4 Ut.- 004-4 4/*-Z 0 a p-eatI V/, M .
U.. P" ZWLLLLMM '0.0 Z <I 41t o Cf.O at- - U)i I0U

Z - wot.-0 c aat o *W.e LW -..J-U 1-X o 1.- V.
'0..O- OW.0%000 00 X>dIAML < S- xxx 10 < US 0 l

< 4 U... 0 *U..U. W-4-4 *-.-O-j tu0.j Q.. 1- Cf- ac e 0
o U..U.7 I-00 ULu.. 0"".-40 - uLo. - wa- 6 M
r4 COat VnU. .- ou-f4-q- >I-->U. Inc. MM 1 -

LL .C U*OZLLuL-- W " V' F,4 v:M Il- L J C %
- zu M U.!--Lew) z1r-.n- ZV) Z 0 1- U C * I0

Win _icxW zzZ F-+- M M j "$-4U "LLWJ V) 16I
wX Iu- 4wX 4-' J-crp-#" I.-I'o'c 1-wL 1-00.- )0- "

V/) me-$"- >Ml1--J.-30.JM.J U-11.-"z .. 0 =~ _j. #n Z Mo
a. :)X XW30b-.-.0 oatLcata 0.N CwM. %% :) -1 1 4
IL. Z< -J=)Q W440 wwa wwM)0 Y- x 0 * 4.

x qcZ Vno.a>Z MI.-C MW w I - Ct
Lus re "-r Vn.. .. 1- 4 =<Z MU'L.' OW=1 6. 4m
X I .4 1-U-0 000 VinwlWW Inr< 0>- Cou. .4W

0"- ZI--W I- - - - .C be CC * t6
I )5-i 0- I I I II ZZ cc 0 z XLL, . C,

IL.:..* 115W *... ixOat w C; V) *t- . CN
-h Os-C)- VWf--4NM.--I L)Z"CZ ofa -. ~ -UI

fn U LL. Z"-L) 9-4NNN15r 4XI)-4% Vd) 0.4 a- **3
6. 0 rn.U.Z I.- cc U4 x -,) I0 1 6

*UI--j .46..rn-rn aee 0a :WzLI Z a a. Z * 41 .0
.. s u:<C I-i.. J--S...a-J -- i... .g ul M 49 0. 9 cc

C) O.Mu ZWIACCCOOC0 1-Mt'z0 I-- cc 0 wt at 0 0 wj;
L.) VIn- 00.ZUUL:Uu =I'.' 0- 1.- 1-1- * .3

CUCOM0 0 U) w. at .. i /) ON a C.
:) 1.1- wt U. Z 0 >-o0r- * Wo'J

.4 W0.W0.0cc 4M U U. cc.Q CL9 * =-
0 *.Zi1-XZZ..M 0. *. -4 Z34
ac 0 V-)--u E) W/S atO..j 6 .464 QC I-*- WWU4CC
W. 49 0 at C U) IrLv>W * 1-C-I

O 1- a I.- X -4 4<>ZX o UZZ
z 0 M- n (A. M atW W * 0-0oat

P"6. 0. M. m- 0. O(3W01- 0 ..JXZ
cca 1- 0 x z00.Id)0 0 M.I

U) x u 0 0 4 CC~a = * OZ0 M
h/U 1- 0i atmomw .J0.n 0 "UILU

112

IIN Mimi



LL-J

00 U)
I. z -

LU or M 0 I

I. C-A C0 L1 4 a
C. 0 f

rm U LU CU *I-N L):

-x -- 30 I-

Z- U'.F -7 U ( 0 0 -a+ LL a " Z0-m 0z l- 0 -4u cc.0.UJC% Z- .4 *- CC .4/00)1 Jic n 11C
010 UA -04 04 P4 CO C) M - 60 0

Z o P" 0.x0 9- 01.O 1M 0 Z 0 * U*4
0 co S. ,,, OU ~ U .'C 9.j U) **6

I- Coo z .j z x ZU- 0 U 0 0 x -0.If~. 110 0 1 -)0 oI 1 -- I f i 0 s .- Z..o 11 0 ZZI" 1 - Of0. ifof111 fu
,0SA Z Z.-% ~ 0 - 0 0 . -'O 9 - ( lID %.

01- U)0 U) x4qor- cc3 09 000j0t Ix.4- gPeZ. W. U3L)3 OI--. -*0ff~j 0.0 0.
ClC2 -')0 CC CCM AC .N QC - * 4. - 4 o~O)

"4~ - . % . -- 4 -,- * %..- e-O . .J .t.113Z%

* 0 U O NO *94 .-'4~~u-40...0 *Z4-J...a0~..ao~g-ILA~



o LU

404

C MC

*- 0 LU
*ic + s-i o0 c L e

-1!3 -j~- -SO3 0-u *

0. 04L -JP. 4 C L 0 r4NZ OC 4 r

OZ 0 0 1- C.

00-'c 04 1-j 4 3
CLZ .,Z -*J 04C. xJ Ii .> .

wo .. +o .. a 0 tn U.. '-0.
~~JQO ..J4flN MMiU m 0 -JU It

.. ~f~-- -J0.%..inJ .J - n o ino114J~n



x it

L i-- - CA 0
-I - , . Nj *) I- %

tLU . * - I c -J- Z N
"OC 00 cc -c 4c 49 0

cu. - X - S tel

W~I ~ > ui 0* fl., )

-L L W) I.- wc I-W N
WZOS . 0~ a U) ... J-I Zx

-- - - ui (2 = Ac-4l?-

4- 0 . W j I- 4O -
.- 0. 4 Owu u~-0 Ii

1 . Lu I) -WIDOCJ( U4U -N

< t..)o 1-W S *z -
--- I-- w v 4 -C- I.-=

ox- m. .J u- 41 I- 4<TnL-'w- -)

X 0 C ( -1 "cOqW...~~c%% *f
o4 qo- -%0 =) aC%-W~ CI-)-U~c~

-S-.. I _ - U).I LW4XW *%-L."Z
x0 1- "- it U,

N 5-C ccZ C..I4..) -1L -l
C) Iw W.J - M- WC44O . . 4

CYQ( . @.aN OW 5-.IO L4NOW 00 5160.

p*4 ; P-* i ... ZJX' UL.- D ' -b- I
'-u~4 to OLLZcC 0-)00- -Cs.'-'0L

* 0 -- I* m- -Wfr..J1-W1-.Jf <0-

tQ ILU.IL-I. 0 LLILL.- LL- 0 t~ - .O Lw U.

p.*~o .4 4.4 .4f/44 *-- 4

Ocoofoe0 0N04W%0 nU0 Iniv0Z

00000000~0000

IIJO&M

1151 1;



PI u

I- SIX.

SLUVI
Lu VLI4 0.
I- GI. s,

x.. -4. 4

C) L P4 0 0
41) C WI. .

un 0.Z,- I

w. 0. 0. 0
0I 1 1 IIIII.

II- ..*I,)0 0WII

o -0--a LU G

U. 1 0 0 . I
o ~ w - CLOZ W

oX t 0w -1 ̂on-.
0-. -t)* i- I I V 00 0

00- .ZnW 0 1 DG. xujx -

_ ZZV at S.o 49L tv 0 n 0 0 41 0 0 <Vg
. 4 M .- I 6. U'%J 0 V 0 1A OD 0 l--

VO aW-40 J*-~oxI*& W-. 0 00

VLU -'e 0.J3CDQ NOK Z Z < q (J1< 0 "Oz

I-Z .0 3 LLU .4pVZP
z z l-. oN. ~ "W N N " xn P4- wf 4 -Nn N a

0 -S ow -"X 04 .... 'If-m x~ pq x~Dn 4 Z 4

"Zj QwVw Z00i 00U V) n*.z x4Z m I 4
11.j 11- ". W.a*-OU -4J00+L W 00 'Ia -goo< Q~
III -J& N W 4 0 oco - -0 4 WI ZO

IWO l e4Z XW *..w~ CL PI4lV- 0ozz 00 '-X- x UZ
mc V - *o 0.00**4.4zz<4 -j 0=0 W * L<L 4 -VZ- ZWo

4 4ZIZ*ZJLU* *ZZ 00% *xu "J41. 0 s0zz

U 4X .WU OQ444..0444C *0 *116W



4 4

U. U.
Z Q

o or

0 I-

- - C)I-
CC) c 4

o U -a0 C0 M Y x u.. 0

* o -ix 0MX **t C .c
cc zw I.- 1-z * * o n m U L -
D 0- *X* 0C t tvVVm . L i

00 0- 4- COO I. COIC-D am0 0 V 00

Z U &Z _nZ -Z i QNlIJw0a a)c

U)S 000..i 00*
ZX -X fc 000 0.x xx x O..Z S, O- 00 0O

o*-c tu. 91- 0000 0 N

64aj " N 0 NN NNNz zwz 44LL NJO4 0 PC

UIfl*IflJV Z VM -v~ 0U0 ~ - D CD *

NN NN NN 0-i. 0111 NNZ* e N .C

00z WZ I -T m- 0 * * o ~ w ~ l-
49 .40.N4 qOtQ4 mm S

Q.0 0'.mm0 U) Q L00 OM- z aw* U (0(D -
.- 40to WZZ XL NN0-Z400 0 U0fN1

ZZ4X-XZ04 "0" U. 441 I I I 00&ZZZ 0. 00- 0 * L
U w*D*1 ) *~0 I D.

-~~QI UUU ~~ 0 0

.... INN....J. *- L ZJ....JJ~.rf.-4-..~JN117)0LU Z



0 LI 8cc c
Z17 w). 47 - ~

OCMIO* 0 -a Z- NONOZ* 0 2*
* sm .0 0 Ct oU Z 02OZn af) 0 VAO

00*f0 ZZ-' .(; (..OLON 0 0 ON

("nmc-4"" * p VlNVflN*Z 0 0 * l
InU)4tqA .4-4 *Z*ZO04 - N 0<

SnYKDUOLJ -alflll*0 a )Q.LO 0 00000.*oN z C.*

**O*WL* LU a00lwmo 4..)41J U* tZ* <OM Lo4M1
~D)f3cfl 1%4 SnZZL.jZ3c 0 * P%.. W) flev)O ) .4% * Will

000 1 0 Q* * X<tV) V)* 4A a-1 0I 1 * IV)Co a *3
MCC~ 4M .00 Z -400 . .. 0 coo Z NCO 0-N -o0 .0* N 0co
QZoIJoZ 4 XV4.wooo~ -4r.4c 4 7NNOuo~Z:)ONO W NO
U-4 ou 4 X OM 400 aOZ L)WZ 2: -4L *li we~ UMMu

3zEzzI3 _j G"-OzzzmILwwwzzz _j a-OXXZZZZWZWWZZWW

04 N

*0 W " If Nf vNnI I I 0 N If N N fI f 1 1 1

*t-roa*r0 W4 0 N
000 00 9 64040 000 10 10 049 N N W 0K 0.Z 4 N P I 0 NN90 -

WL04

118a



zz

* -4zc~z I- .

atQ

zu -0 = * * x
N- V.LL <XA~ "t Q0C )0- z z z i

zZ Moo' a- a "ao 4 ,, -x* x x x
zcnmool0m0 n r *%.0 -4 LLLU

0n~nv LU nr<* - *UQL
w U. 0. .0UC.) .4 - LU U

w a0n"Z** E 0-40 0 Z 000000

0*4111 ~ ~ ~ c c0*0 0 Z4 -Q 4 4 4

Z~~~ ~ 00a..W MA Wa aIZ4LJ Z t* *4z
low wz V) LU X.(. 0 0 Z Z P

I00Zq %.n4a 0IJ Li0ZZ Z
N Nia Z ~ F S0

41NUUWWN44WL 0NIfl-WHWONWLW 0 -119ION



I LMi I I %ni

WI-j ..Oi -1

, 0 W M e I td*,u

z z
0

~J~J~c ~1~J

4W00fo0
00)W M QU tu.

* ezw, 0

<00 *-q .00 .0 0nL (0
* 00 * 03 W #30

uj~J---- cc00U. 4-V LJ.

*m w z cooJ~ * 0- 000 QV-
GO SO0 ox ONLDOo

-JW49 0 *0 J9g <,

LnJ 0 k (

4004 04 3- L N cmN

La1I4 LIQ 49 4 -q:2 2 N 0
Cox~~ .0 . 4 -04F4 4 O O

oo."WQO -NNQ

40 5544 0 - UL U0 < -4- 4/L LLO<OWIN

)C"400~~~QU Quo-*4) 3..Z 4) 3 0

W . .0 . a~ 0W 04-p~i 1203

M00L*OWWZZ* 00~a~3: J #



U.

0

I.-

z
0

LU

N - IS-4 NO WUOIUL)L)L)
S z cmJ oazM 0 .-eI *MU
4*4 044 (0 m0 xulf( * u C
0I M C) V %. U4(<dV UUJA.Win)-- LLJJW***W

I9.- - VI X. I* % WU1VV) X4-* QW W M XXWIl
+ I + 4 j UJ XI *LZf *LI *L2* I

in 0 -am*- *W4*4~ *U*UWX*)L*wxiinO

N4N Wi 0.401(o l* 4* V* owm* c c* * Cin* CDeOOZZ4%
-x Z.DIP4 0.*00-4 N ZOON**C-OZOON1 zo<

44< 0 * 44 < ZOOZZO 4zoDOO0zzZ(D0 <ZZ**vn
0 0d M-00 Z <oZ4C.D Z *49*(ZZ44= *Q * * <<dV)o

.000e0 a **4*** 0 **4**0~** 30** C3N
II *iM'.O0Z " OO*4nOa " 3030* *in3O4430(~
Zifl Nm 1-X.*CZz 0 331'033t.o (D N.T3vlinON3r3uujwU.UYNN3**

N If 4 Lll I 91 If zUI "Oi IlINISIII ISIHSISSISNIIIII
I n i'i"

-q .4 cr
NMN (3 Q3 0M(3(flfN Wj w Go cc

0 W L UO<U."" 0 -4o 0 NN"NNNNINNNNNNNNINNNINNNINN
WU 0. o~4(3(JV)( 9L CL M M M M.C ....

a 0

121

P" &



< w Cr- 0. "

0. +r 4 c )CloI LL (% Mgn
CL *.C 0. No1ooz 0.0

41) x No &.- CON 1% *
) 0. N< PUL r- j. - 0. (n/

CL. M~ c -V) N 4z CDtA
0. A N- I% N CL'0 + 30. *N N 4(

0. 0.0. m .- co N CV0 00+

-4 CL N CLOg a

U.1 N4 <. . I- MC

+ NN * I- 0+ CL
X.0 +00.N4 + 4 N C+-

f* LV N +Q " 0. I~ -.
u- Q'Z. -M LU 0

)(m X...00 4 N+ N"4 4-
V4 X+'04~l ox 2 .W ('.1

*0. 00.* * 1- 0 *40 41+ * X
- NN..4 -- V) I O/) 4%+ - "0
XI0.0.00 rlM* La "4* M. MM MW4
* -. JN 0.- LD C.) 0.4

= -Ln+ NCLOP40 0 !; m-Z + NNN

* () 4) -49-406-Oi 1-4* M. % 1.- *0 c .:- * fn
i C Zo 0.NI + LL -* LU N I UL.

Iul (. 4..)0 0 00.Z 0(4) I m .4 * V-0+ o.+. f
03 %. X* % - I +l'- 6-49001-M %. CL N- Q. 44 L .

* LU L)JIx *41).jz -1 P4 - U.%N.I 4. +N..jD
0 C3 X* WOW Q COU.C)I *NND+Mrl' -.J P--l-j X.41YN + )
Z * UJO * 0 cr-0.0.u 0.0.0 o -4N%.. CL O".. (In '-4

4 ) en0* fl* 0.0. "'X f LLU P-4- V4 NVfl (4n0. C
* f~o Ir 0414Z0(4+ II-MLI4 3E 0.* ++ X1- x
4) ZOZZO 0 a - o" 4*41W?- N "4 - P- *

0 Z 490~Z440 $++ O+coc4x go1+N10.00O +N V)U. + CCc c )+ C-4
Ny 0 **4z41*4 0 0 U.beZo* MAXt4 u *') -1 L~z *1 P40

P-" 00*0100 '44.. *<4NN *4+.N..-I U. c ICL <NNN 414) 0.4.
41L0 3f00-O00Irl .- 011 P N Lu 9-j- NM.0.0 m4) X*

w W:o:Wmm<m -J0.0-4-.4 9 *.sNo4N 0 0. 0. 0.0 4q 0
N CI CD 0w4I13W*LI + + @w* Up0004N Li w+ 33w*.

41) 4/) #1 0 eN ( ~ L
If If1411 If aW UQN OW QI N il li N IIUIlw140II 11 W%~I 0 O P-1

"4 -4 m~ 4 LUJ LU %a "I) -C.4
X t 0 * 4) Z

4 4 cc w M 0 0 0
cc £u 40JWU(Z -w w WN .- -8-M4

N 0 MMMMMMMM)LLP4 LL4' WM4 4LLONU.N.N04W,-, ON 04 0
0L M. 0.0.0.0.Q .0..o @4..* "m0 0.4.J"N4J J 0 m30 LD. (3(313

14 .4 .4 -4 4pW4 P4 Ne C

122



NN

-Ka 0.44C.9 . 449

ZZ -~t.t- 0ZZ ONZZ

P14 V-

I N(MMOXfL CL m c,
V-V W.*. NN .(Cf

xl EN*ZX 1*1

44 40.444 4123



uJ

0.0.

3 - z

WOO 0

ow# z
0!, D

Z-0 0X U -
-MO 00 > 1.

"C.-t 
-'jCC &cotJ Z 0, V40L 0 -JL xc=

Z>Z3 - x-- 4.).) '0 C

Z-49 44 - o ja o K -0 QO n _j 0 OLl qI-.- iw P4 C -c -qw 4~ -1 GO 9.. Q 0 uoJ0.
M-49-O N- ojUlU a0 v2- A 4W " : -a. .
U 0 Z df N ~f -*o m .- 4(.DIA V.2 w x I 40V3..4 I
= -K %.o. .. o -o I Ic 0 ~K J30...JNOOm

GCLC. 9- X( 0 0. o " Z Z o* ~ L JZ W K-m..
LUz-q * - M~ C6 Q. P"i,~ QU -q Z'j9 Z -I- o""4zCaO sm
M9 w~ WO-JJi~ w zo c ww u CW .- WI 9-* *-.-'.""

~~WW9-- N aI- co Cc 00Z q .. ~ wLD~(3 9 ~ 4 4'IJ ~ P~0-tI l~ -4s-o LU
* ~ Q.W.J 1 NX-X Q . ( 44Q.-.J)I- > I ~ ~ 0

~ZIq Z I- C. .C.-.Z w~ 4 C..124 ~



10

0j 0

1- C0
wo

n w L. X U Ui0 V) M

0 .) _J z 0
M~ JN LimW~*- -

I- - 4K CL I(- 0 N ) M

Ol Q. -. *- Z E#.J 0,01 ( LU o J Z
M0Q OP.- .Ox z -4 0X 41 0 -L

X -4o - N1. MAJ 44 N .. -M2 0'
*Iw~o-I N0. Z..w x - m-Sw .Jw

zl 0 -JOO V 0 1.J 0 .1 OUZ = wJ* 0 8 *~~w~x
I - > we-- 0 tA~jw"4-.W j. t.- o-iz U

zt " P"~ MO. W %04 -JL.Z qqjz Z i ~ m u z' ZI-.
LL -;ON us OW4--J 0 "-Z 2 .0 4CCXwZZILU~-s-LIS

(1 0 40 QOQ w( In W0 ou
C"in c 00 (14 op N r N''f

125



LIST OF REFERENCES

1. Ticher, F.J., "Transmission Media for Millimeter-Wave
Integrated Circuits," 1979 IEEE MTT-S Symposium Digest,
p. 203-207, May 1979.

2. Meier, P.J., "Two New Integrated-circuit Media with
Special Advantages at Millimeter Wavelengths," IEEE
1972 G-MTT Symposium Digest, p. 221-223, May 197-2.

3. Meier, P.J., "Integrated Fin-line Millime-er Components,"
IEEE Transactions on Microwave Theory and Techniques,
vol. MTT-22, p. 1209-1216, December 1974.

4. Meier, P.J., "Millimeter Integrated Circuits Suspended
in the E-Plane of Rectangular Waveguide," IEEE Transactions
on Microwave Theory and Techniques, vol. mTT-26, p. 726-
733, October 1978.

5. Meier, P.J., "Printed Circuit Balanced Mixer for the 4
and 5 mm Bands," 1979 IEEE MTT-S Symposium Digest,
p. 84-86, May 1979.

6. Kopdzo, E., Schuenemann, K. and El-Hennawy, H., "A
Quadriphase Modulator in Fin-line Techniques," 1979 IEEE
MIT-S Symposium Digest, p. 119-121, May 1979.

7. Begermann, G., "An X-Band Balanced Fin-line Mixer," IEEE
Transactions on Microwave Theory and Techniques, vol.
MTT-26, p. 1007-1011, December 1978.

8. Hofmann, H., "Fin-line Dispersion," Electronic Letters,
vol. 12, p. 428-429, August 1976.

9. Hoefer, W.J.R., "Fin-line Parameters Calculated with the
TLM-Method," 1979 MTT-S Symposium Digest, p. 341-343,
May 1979.

10. Saad, A.M.K. and Schinemann, K., "A Simple Method for
Analyzing Fin-line Structures," IEEE Transactions on
Microwave Theory and Techniques, vol. MTT-26, p. 1002-
1007, December 1978.

11. Chang C. and Itoh, T., "Spectral Domain Analysis of
Dominant and Higher Order Modes in Fin-lines," 1979 IEEE
MTT-S Symposium Digest, p. 344-346, May 1979.

12. Itoh, T. and Mittra, R., "Dispersion Characteristics of
Slot Lines," Electronic Letters, vol. 7, p. 364-365,
July 1971.

126

LL ,. , khh!m~lmm



13. Itoh, T. and Mittra, R., "Spectral-Domain Approach for
Calculating the Dispersion Characteristics of Microstrip
Lines," IEEE Transactions on Microwave Theory and Techniques,
(Short Papers), vol. MTT-21, p. 496-499, July 1973.

14. Itoh, T. and Mittra, R., "A Technique for Computing
Dispersion Characteristics of Shielded Microstrip Lines,"
IEEE Transactions on Microwave Theory and Techniques,
(Short papers), Vol. MTT-22, p. 896-898, October 1974.

15. Knorr, J.B. and Tufekcioglu, A., "Spectral-Domain Calcula-
tion of Microstrip Characteristic Impedance," IEEE Trans-
actions on Microwave Theory and Techniques, vol. MTT-23,
p. 725-728, September 1975.

16. Collin, R.W., Field Theory of Guided Waves, McGraw-Hill
Book Company, Inc., 1960.

17. Harrington, R.F., Field Computations by Moment Methods,
the MacMillan Company, 1968.

18. Knorr, J.B. and Kuchler, K.D., "Analysis of Coupled Slot
and Coplanar Strips on Dielectric Substrate," IEEE Trans-
actions on Microwave Theory and Techniques, vol. MTT-23,
p. 541-548, July 1975.

19. Kuchler, K.B., Hybrid Mode Analysis of Coplanar Transmission
Lines, Ph.D. Thesis, U.S. Naval Postgraduate School,
Monterey, CA., June 1975.

20. Cohn, S.B., "Properties of Ridged Wave Guide," IRE
Transactions on Microwave Theory and Techniques,
vol. 35, p. 783-788, August 1947.

21. Hopfer, S., "The Design of Ridged Waveguides," IRE
Transactions on Microwave Theory and Techniques, vol.
MTT-3, p. 20-29, October 1955.

22. Lagerlof, R.D.E., "Ridged Waveguide for Planar Microwave
Circuits," IEEE Transactions on Microwave Theory and
Techniques (Short papers), vol. MTT-21, p. 499-501, July
1973.

23. Vartanian, P.H., Ayres, W.P. and Helgessen, A.L.,
"Propagation in Dielectric Slab Loaded Rectangular Wave-
guide," IRE Transactions on Microwave Theory and Techniques,
vol. MTT-6, p. 215-222, April 1958.

24. Mariani, E.A., Heinzman, C.P., Agrios, J.P. and Cohn, S.B.,
"Slot Line Characteristics," IEEE Transactions on Micro-
wave Theory and Techniques, vol. MTT-17, p. 1091-1096,
December 1969.

127 a

W V_



INITIAL DISTRIBUTION LIST

No. Copies

1. Defense Technical Information Center 2
Cameron Station
Alexandria, Virginia 22314

2. Library, Code 0142 2
Naval Postgraduate School
Monterey, California 93940

3. Department Chairman, Code 62 1
Department of Electrical Engineering
Naval Postgraduate School
Monterey, California 93940

4. Professor Jeffrey B. Knorr, Code 62Ko 2
Department of Electrical Engineering
Naval Postgraduate School
Monterey, California 93940

5. LT Paul Mark Shayda, USN 2
413 South Macon Street
Baltimore, Maryland 21224

6. Professor Kenneth G. Gray, Code 62Gy 1
Department of Electrical Engineering
Naval Postgraduate School
Monterey, California 93940

128

. . ll e17 I l


